In photosynthesis, conversion of solar energy into chemical energy follows a Z-scheme, which involves two sequential photoinduced charge separation steps (Figure [1 A](#fig01){ref-type="fig"}). First, upon water splitting at photosystem 2 (PS2), the excited electrons are transferred through an electron transport chain that generates a chemiosmotic potential, which provides the energy for ATP synthesis. Then, at photosystem 1 (PS1), upon light absorption and charge separation, the electrons are transferred via ferredoxin to ferredoxin--NADP^+^ oxidoreductase for the production of NADPH.

![Electron-transfer pathways in the Z-scheme of natural photosynthesis (A) and in the proposed coupled PS2/PS1 system (B): All of the potentials are given versus the standard hydrogen electrode (SHE) in volts (data for the natural Z-scheme according to Refs. [@b2], [@b6], [@b9], [@b11]). Large red arrows show the light-induced charge separation steps in PS2 and PS1.](anie0052-14233-f1){#fig01}

The charge separation processes in the Z-scheme inspired the design of photosynthesis-like systems based on organic and inorganic photosensitizers to convert solar energy into chemical energy.[@b1] Exploiting the yield in light collection of photosynthetic proteins may further increase the efficiency of solar to chemical energy conversion in semi-artificial devices. Various photobioelectrochemical half-cells based either on PS1[@b2]--[@b4] or PS2[@b5]--[@b7] were suggested. However, until now autonomous solar to chemical energy conversion could not be demonstrated. The electrons provided by PS2 are insufficiently energetic, and PS1-based systems require sacrificial electron donors[@b4] or an externally applied potential[@b2] to sustain solar to chemical energy conversion. These limitations may be overcome by the serial coupling of both light excitation steps of PS1 and PS2 in a semi-artificial photosynthesis device (Figure [1 B](#fig01){ref-type="fig"}). In analogy to the natural Z-scheme, PS2 would extract electrons from water, which are then transferred to PS1. The charge separation at PS1 would provide electrons which are energetic enough for H~2~ evolution if a suitable catalyst such as a hydrogenase was efficiently coupled to the PS1 reaction,[@b8] as has been proposed previously[@b5], [@b9], [@b10] to mimic the last step in the Z-scheme (that is, NADPH synthesis). To achieve maximum yields in solar energy conversion, the energy from the charge separation at PS2, that is, the first step in the Z-scheme, needs to be recovered as well.

Herein, we present the first experimental set-up to serially couple PS2 and PS1. We focus on the generation of electrical energy from the difference in potential between the acceptor side of PS2 and the donor side of PS1 (Figure [1 B](#fig01){ref-type="fig"}), that is, that part which contributes to ATP synthesis in the Z-scheme of natural photosynthesis. Our cell is designed to enable the extension of the principle to simultaneous electrical and chemical energy generation (full Z-scheme mimic).

We have previously shown that electrochemical half-cells based on either PS2 or PS1 can be constructed separately: The reducing site of PS2 was contacted to an electrode via an Os-complex modified hydrogel, resulting in high photocurrent densities with unprecedented stability.[@b6] Similarly, the oxidizing site of PS1 was contacted (again by means of an Os-complex modified redox hydrogel) with an electrode, which resulted in the generation of high cathodic photocurrents.[@b2] In both cases the same redox polymer was used.

The combination of a PS1-based photocathode and a PS2-based photoanode (Figure [2](#fig02){ref-type="fig"}) results in a photovoltaic cell that operates as a closed system without any sacrificial electron donors or acceptors: Under illumination, water is oxidized to oxygen in the anodic compartment by PS2, and oxygen is reduced in the cathodic compartment by PS1 via methyl viologen (MV); the latter is reduced by PS1 and then regenerated by oxygen reduction, leading finally to water.[@b12]

![Representation of the proposed biophotovoltaic cell combining a PS2-based photoanode and a PS1-based photocathode. Upon absorption of photons, water molecules are split into electrons and protons. The electrons are transferred to the cathodic half-cell via the outer circuit, where PS1 generates a reductive force of −580 mV vs. SHE and reduces the electron acceptor (methyl viologen). The methyl viologen radical cation is re-oxidized by molecular oxygen, resulting in water as final product.](anie0052-14233-f2){#fig02}

Notably, the harvest of electrical energy from two coupled light reactions analogous to the Z-scheme in nature (Figure [1](#fig01){ref-type="fig"}) requires different redox potentials of the respective redox hydrogels that wire PS1 and PS2 to their electrodes. The electrical power output of such a photobiovoltaic cell will be determined by 1) the difference in the formal potential of the two redox polymers and 2) the photocurrent density.

The electron-transfer communication between the photoanode and PS2 was achieved with an imidazole-coordinated bispyridyl osmium complex-based redox hydrogel (polymer Os1, formal potential: 395 mV vs SHE). At an applied potential of 500 mV vs. SHE, photocurrent densities of up to 45 μA cm^−2^ are obtained.[@b6] At the photocathode, PS1 was immobilized via a pyridine-coordinated bispyridyl osmium complex-based redox hydrogel[@b13] (polymer Os2) with a more positive formal redox potential of 505 mV vs SHE (for structures of polymer Os1 and Os2, see the Supporting Information). At an applied potential of 200 mV vs. SHE, cathodic photocurrent densities up to 3 μA cm^−2^ are obtained (see the Supporting Information).

The two-compartment cell with the PS2/Os1-based photoanode and the PS1/Os2-based photocathode allows separate electrolyte and buffer optimization for each protein complex. As the potential of the two redox polymers is almost pH-independent, the difference in pH values between the two compartments should not significantly affect the open-circuit voltage. Electrical connection and illumination of both half-cells generate a steady-state photocurrent of about 1 μA cm^−2^, which disappears upon switching off the light (Figure [3](#fig03){ref-type="fig"}, left). Switching off illumination exclusively on the anode side (PS2) results in a decrease of the photocurrent, which could be restored by switching the light on again (Figure [3](#fig03){ref-type="fig"}, right).

![Photocurrent density of the proposed biophotovoltaic cell combining the PS2/Os1-based photoanode and the PS1/Os2-based photocathode as shown in Figure 2. The light status of the respective photoelectrode is indicated by O=light on and C=light off. Left: Simultaneous illumination of both half-cells with the same light intensity. Right: Starting with the same light intensity on both sides, light at the PS2 half-cell is switched off after 75 s and on again 30 s later. Finally, light was switched off at both half-cells. (Photoanode compartment: buffered electrolyte pH 6.5; photocathode compartment: buffered electrolyte pH 5.5 containing 2 m[m]{.smallcaps} methyl viologen.)](anie0052-14233-f3){#fig03}

To further confirm the contribution of the PS2/Os1-based photoanode to the overall photocurrent, dinoterb (2,4-dinitro-6-*tert*-butylphenol), a herbicide that blocks the Q~B~ site of the D1 subunit of PS2, was added to the photoanode compartment to deactivate PS2 while both half-cells were continuously illuminated. As shown in the Supporting Information, Figure S3, the photocurrent density substantially decreases upon addition of dinoterb.

To determine the short-circuit current density (*I*~SC~), the open-circuit voltage (*V*~OC~), and the maximal cell power output (*P*~cell~), both photoanode and photocathode were externally connected by a variable resistor. *I*~SC~ is given by the intersection point of the linear fit of the current density over cell voltage plot and the *y* axis, and *V*~OC~ is determined by the intersection point with the *x* axis (Figure [4](#fig04){ref-type="fig"}). The following values were obtained: *I*~SC~=(2.0±0.7) μA cm^−2^, *V*~OC~=(90±20) mV (Figure [4](#fig04){ref-type="fig"}, left), *P*~cell~=(23±10) nW cm^−2^ (Figure [4](#fig04){ref-type="fig"}, right). The fill factor (*ff*) is 0.128. The conversion efficiency *η* for the system, that is, the ratio of power output to power input, is 3.6×10^−7^, with the maximal power input (349 W m^−2^) resulting from the LEDs used.

![Determination of the short-circuit current density (*I*~SC~), the open-circuit voltage (*V*~OC~), and the maximal cell power density output (*P*~cell~) for the biophotovoltaic cell, combining PS2/Os1-based photoanode and PS1/Os2-based photocathode via an external variable resistor (three experiments with three independently modified electrode pairs; upper and lower limits of the standard deviation given by dashed lines and linear fit given by red line). Left: *I*--*U* curve. Cell current density, *I*~cell~, determined from load and cell potential *U*~cell~. Right: *P*--*U* curve.](anie0052-14233-f4){#fig04}

The determined *V*~OC~ correlates with the difference in the formal potentials of the two redox hydrogels Os1 and Os2, while the maximum current density of the complete photovoltaic cell is limited by the PS1/Os2-based photocathode. Thus, the photocurrent density of the PS1/Os2 half-cell in combination with the relatively low potential difference between the two redox hydrogels limits at this stage the performance of the biophotovoltaic cell.

However, the main goal was to proof the feasibility of connecting a PS2-based photoanode and a PS1-based photocathode in a Z-scheme-analogue setup. In future, polymer design for a better electron transfer to PS1 may enable an increased current density by up to one or two orders of magnitude.[@b2] Additionally, an enhancement in power density can be achieved by higher PS1 and/or PS2 loadings using for example, nanostructured electrode surfaces.[@b14], [@b15] Furthermore, the potential difference between the polymer-tethered redox species may be tuned and optimally adapted to PS1 or PS2. While the potential of the redox polymer Os2 at the photocathode matches well with PS1, the redox polymer used with PS2 could be about 400 mV more negative to match the potential of the acceptor site of PS2 (Figure [1](#fig01){ref-type="fig"}). This would enable a significant increase in cell voltage and power density.

In conclusion, we have shown the serial coupling of two independent processes of light capturing by PS2 and PS1 yielding a fully closed and autonomous biophotovoltaic cell. This is fundamentally different from previously reported biophotovoltaic devices,[@b14], [@b16] as it provides the basis for the future use of this "biobattery" in combination with various catalysts: The very reactive electrons may be used for chemical energy conversion instead of reducing oxygen by methyl viologen. Notably, the separation of the oxygen evolving PS2 photoanode from the PS1 photocathode opens the possibility to couple PS1 with oxygen-sensitive biocatalysts such as nitrogenases, CO~2~ reducing enzymes of the Calvin cycle, or hydrogenases for the production of biohydrogen.[@b10] In future, this principle will allow the full energetic exploitation of the photosynthetic Z-scheme in a single set-up.

Experimental Section
====================

On the cathode side, an intact trimeric PS1 complex was used, which had been isolated from the thermophilic cyanobacterium *Thermosynechococcus elongatus*; this complex (size 1068 kDa) preserves all subunits and routinely shows a high photochemical (oxygen consumption) activity of about 1000 μmol O~2~ per min per mg chlorophyll. Preparation of the PS1 complex was carried out according to Ref. [@b17]. Dimeric PS2 complexes composed of 20 different subunits[@b18] and with an average oxygen-evolving activity of about 5000 μmol O~2~ per hour per mg chlorophyll[@b19] were isolated from *Thermosynechococcus elongatus* according to Ref. [@b20]. Synthesis of the osmium complex-modified polymers Os1 and Os2 is given in the Supporting Information.

Gold disk electrodes (diameter 2 mm) were modified with PS2 and the osmium complex-modified redox polymer Os1 as reported previously.[@b6] Gold disk electrodes (diameter 2 mm) modified with PS1 integrated into the redox hydrogel Os2 were prepared as follows: A 5 μL droplet containing 10 μg μL^−1^ Os2 and 2 μg μL^−1^ PS1 was placed onto the electrode surface. After drying overnight at 4 °C, the modified electrodes were pre-incubated for 1 h in a sodium citrate buffer (pH 5.5) containing 10 m[m]{.smallcaps} MgCl~2~, 10 m[m]{.smallcaps} CaCl~2~, and 3 m[m]{.smallcaps} 1,10 dimethyl-4,4-bipyridinium (methyl viologen).

Photocurrent measurements were carried out in a two-compartment, two-electrode set-up. The anode compartment with the PS2-modified electrode consisted of a glass cuvette filled with buffered electrolyte (MES) pH 6.5 containing 10 m[m]{.smallcaps} MgCl~2~ and 10 m[m]{.smallcaps} CaCl~2~. The cathode compartment with the PS1 modified electrode contained sodium citrate (pH 5.5) buffer with 10 m[m]{.smallcaps} MgCl~2~, 10 m[m]{.smallcaps} CaCl~2~, and 3 m[m]{.smallcaps} methyl viologen. Both cuvettes (inner diameter: 2.5 cm; height: 6 cm) were filled with 5 mL of electrolyte and were connected by a salt bridge.

Photocurrent measurements were done with a manually regulated halogen lamp at maximal power output. Evaluation of short-circuit current density (*I*~SC~), open-circuit voltage (*V*~OC~), maximal cell power output (*P*~cell~), fill factor (*ff*), and conversion efficiency (*η*) was carried out with two light-emitting diodes with a maximum light output at 685 nm and maximum power output of 349 W m^−2^. In this case, photoanode and photocathode were connected by an external load with 1 kΩ steps from 0 to 3.9 MΩ. Upon increasing the external load stepwise, the cell voltage was measured with a potentiostat. The cell current was calculated with Ohm's law from the measured cell voltage and the given external load. By plotting *I*~cell~ vs. *U*~cell~, *I*~SC~, and *V*~OC~ are derived as the intercept of the linear fit with *y* axis and *x* axis, respectively. These data were used to calculate the maximal power density output of the system. Both current density and power density calculations are based on the surface area of one of the biophotoelectrodes (0.0314 cm^2^). The efficiency calculation is based on the total surface area of the electrodes (0.0628 cm^2^), as both are illuminated.
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